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Abstract
The Bolivian Chiquitano dry forest is the largest block of intact seasonally dry tropical forest in South America and is a pri-
ority ecoregion for conservation due to its high threat status. However, the long-term impacts of drier climatic conditions on
tropical dry forests are not well understood, despite climate models predicting increased droughts over Bolivia in the coming
century. In this paper, we assess the impacts of drier climatic conditions during the mid-Holocene on the Bolivian Chiquitano
tropical dry forest using fossilised pollen, phytoliths, macro-charcoal, and geochemical proxies from a sediment core from a
large lake (Laguna Mandioré) on the Bolivia–Brazil border. Our results show that drier climatic conditions during the mid-
Holocene caused a local-scale, ecotonal expansion of upland savannah at the expense of dry forest. Interaction between drier
climatic conditions and ﬁre regime likely exerted a stronger control over the position of the dry forest–savannah ecotone than
edaphic factors. However, the majority of the dry forest within the lake catchment maintained a closed canopy throughout the
drier conditions of the mid-Holocene, despite ﬂoristic turnover towards more drought-tolerant taxa. These ﬁndings imply
overall resilience of the Chiquitano dry forest biome to future drought, albeit with ﬂoristic changes and upland savannah
encroachment at ecotones.
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INTRODUCTION
Dry forests are the most threatened tropical forest type in
South America, with only 10% of their cover remaining in
tropical America (Banda-R et al., 2016). Their threatened sta-
tus is largely due to their presence on fertile soils suitable for
agriculture, which has led to higher rates of deforestation and
fragmentation compared with humid rainforests in South
America, which tend to grow on less fertile soils (Janzen,
1988; DeFries et al., 2004). Tropical dry forests are also
less well studied than humid evergreen forests, such as the
Amazon rainforest, perhaps due to their lower species rich-
ness (Banda-R et al., 2016). However, the biological signiﬁ-
cance and unique evolutionary history of the dry forest biome
has become increasingly apparent in recent years, leading to
greater prioritisation for conservation (Banda-R et al., 2016).
Dry forests occur in highly seasonal climates with a pro-
nounced dry period where rainfall is less than 1600 mm/year
with at least 5–6 months receiving less than 100 mm (Gentry,
1995). They are deciduous to semideciduous, closed-canopy
ecosystems with a minor grass component in the understorey
(Pennington et al., 2000). The focus of this paper is on the
Chiquitano dry forest of eastern Bolivia, which is located
between humid evergreen Amazonian rainforests to the
north, dry Chaco thorn–scrub to the south, and Pantanal sea-
sonally ﬂooded savannahs to the east (Killeen and Schulen-
berg, 1998; Killeen et al., 2006). Interspersed among this
dry forest are patches of upland (cerrado) savannah. The Chi-
quitano dry forest is the largest block of intact seasonally dry
tropical forest in South America and has been identiﬁed as a
priority ecoregion for conservation, due to its highly threat-
ened status (Olson et al., 2001). In addition to the pressures
from deforestation and fragmentation, the dry forest may
also be threatened by climate change, as most climate models
predict reduced precipitation for tropical South America in
the coming century (Malhi et al., 2008, 2009; Duffy et al.,
2015; Sánchez et al., 2015). In particular, in southern
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Amazonia, models predict a late onset of the rainy season and
a longer dry season (Marengo et al., 2014) and a 30% reduc-
tion in precipitation over the Pantanal basin (Marengo et al.,
2016).
Dry forest and upland (cerrado) savannah grow under
similar climatic conditions and typically have a mosaic distri-
bution governed by edaphic factors. Dry forests tend to occur
on calcareous soils of intermediate to high fertility (Nunes da
Cunha et al., 2007), whereas cerrado savannahs tend to occur
on shallower soils with poor fertility (Sarmiento and Monas-
terio, 1975; Jardim et al., 2003) and low calcium levels
(Ratter et al., 1988; Dubs, 1992). However, the relationships
among edaphic factors, climate change, and ﬁre regime in
controlling dry forest–savannah ecotonal dynamics are
poorly understood. Drier climatic conditions may indirectly
inﬂuence dry forest–savannah ecotones by driving an
increase in ﬁre frequency, in turn leading to upland savannah
expansion due to the greater ﬁre tolerance/adaptation of
upland savannah tree taxa compared with dry forest tree
taxa (Pennington et al., 2009). While ﬁre has been shown
to be a persistent feature of the Chiquitano dry forest through-
out the Holocene (Power et al., 2016), the sensitivity of the
Chiquitano dry forest–savannah ecotone to the combination
of drought and ﬁre has not been explored. Furthermore, a
study by Power et al. (2016) suggests that the primary driver
of ﬂoristic turnover within the Chiquitano dry forest during
the Holocene may have been climate, as some taxa are better
adapted to water stress than others. Therefore, it is possible
that drier climatic conditions may cause ﬂoristic turnover
within the forest, even if full biome turnover is not achieved
(i.e., replacement of dry forest by upland savannah). How-
ever, because the Power et al. (2016) study is based on a
single lake sediment core, the broader-scale implications of
this study are open to question. More palaeoecological
records are needed to better elucidate the long-term, poten-
tially complex interactions among tropical dry forests,
climate, ﬁre, and edaphic factors.
During the mid-Holocene, between 9000 and 3000 cal yr
BP, the Southern Hemisphere tropics of South America expe-
rienced signiﬁcantly drier climatic conditions, potentially
driven by a weakening of the South American summer mon-
soon, linked to changes in solar insolation (Cruz et al., 2009;
Prado et al., 2013). This drier climatic period is evident in
palaeoclimate records from the Andes to the lowlands of
Bolivia and Brazil. In the Andes, lake level at Laguna Titicaca
dropped to 100 m below present levels between 6000 and
5000 cal yr BP (Baker et al., 2001). Dust and pollen records
from ice cores from Sajama Mountain in Bolivia (Thompson,
1998; Reese et al., 2013) and oxygen isotopes from sediment
records from Laguna Junin in Peru (Seltzer et al., 2000) and
from Laguna Pamachoca in Peru (Bird et al., 2011) conﬁrm
the mid-Holocene drier period in the Andes. Pollen records
from Lagunas Chaplin and Bella Vista in eastern Bolivia con-
ﬁrm that the mid-Holocene drier period extended to the low-
lands (Burbridge et al., 2004). In the Pantanal lowlands, this
period is conﬁrmed by a speleothem record from Jaraguá
Cave (Novello et al., 2017); phytolith and sponge spicule
records from Laguna Negra (Rasbold et al., 2019); and pol-
len, geochemical, sedimentary, and Pediastrum records
from Laguna La Gaiba at the eastern margin of the Chiqui-
tano dry forest (Whitney et al., 2011; McGlue et al., 2012;
Whitney and Mayle, 2012; Metcalfe et al., 2014).
Records from Laguna La Gaiba also provide evidence that
the mid-Holocene drier climate probably took the form of a
longer dry season rather than lower mean annual precipitation
(Whitney et al., 2011). As this is the same pattern of precip-
itation change that is predicted for the region by climate mod-
els (Marengo et al., 2014; Duffy et al., 2015), it provides a
potential analog for the impacts of future climate change–
induced droughts in the region. The long-term impacts of
the mid-Holocene drier climate on the dry forest and ecotone
with upland savannah may therefore provide insights into the
likely impact of a predicted future drier climate upon these
threatened tropical forests.
The responses of tropical dry forests and upland savannahs
to the mid-Holocene drier period are not well understood,
partly due to the lack of sufﬁciently old, permanent lakes
within the dry forest biome from which palaeo-vegetation
records can be drawn. In the Chiquitano dry forest of Bolivia,
there are only three lake sites for which palaeo-vegetation
records for the Holocene have been published—Laguna
Yuguarú in the central lowlands of Bolivia (Taylor et al.,
2010) and Lagunas Negra and La Gaiba at the eastern edge
of the Chiquitano forest on the Bolivian–Brazilian border
(Whitney et al., 2011; Rasbold et al., 2019). As the record
from Yuguarú only covers the last 6000 yr, it does not span
the full duration of the mid-Holocene drier period, and there-
fore precludes thorough investigation of the impacts of this
period on the dry forest vegetation at this site. The sponge
spicule and phytolith record from Laguna Negra spans the
Pleistocene to the present, providing an environmental recon-
struction of ﬂooding in the Pantanal, but not a vegetation
reconstruction for the dry forest (Rasbold et al., 2019).
Laguna La Gaiba is the only palaeoecological record in the
Chiquitano dry forest region that spans the onset and termina-
tion of the mid-Holocene drier period. The 45,000 year
Laguna La Gaiba record shows that dry forest has been pre-
sent since∼19,500 cal yr BP, maintaining closed-canopy for-
est throughout, with some ﬂoristic shifts during the
mid-Holocene drier period towards more drought-tolerant
taxa (Whitney et al., 2014).
However, the degree to which the fossil pollen record
from Laguna La Gaiba—a single core from a large lake
with a complex catchment of dry forest and seasonally
ﬂooded savannah wetlands—represents a robust signature
of the broader-scale vegetation history of the Chiquitano
dry forest is uncertain. Furthermore, the scarcity of upland
savannah in the lake catchment means that the pollen record
of this site is unlikely to be sensitive to local-scale dry for-
est–upland savannah ecotonal dynamics. Additional palae-
oecological records, closer to the forest–savannah ecotone,
are therefore needed to obtain a more robust understanding
of the impact of lower mid-Holocene precipitation upon
this dry forest ecosystem.
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The aim of this paper is to produce a Holocene palaeoeco-
logical record from Laguna Mandioré—a dry forest lake
20 km to the south of Laguna La Gaiba—to improve under-
standing of the long-term impacts of drier climatic conditions
during the mid-Holocene upon the Bolivian Chiquitano trop-
ical dry forest. Speciﬁcally, we will test three hypotheses.
First, due to the edaphic constraints on the position of the
dry forest–upland savannah ecotone, we hypothesise that
the ecotone remained static during the mid-Holocene drier
period. Second, we hypothesise that the dry forest maintained
a closed canopy throughout the mid-Holocene drier period,
with some ﬂoristic changes, as shown at Laguna La Gaiba
(Whitney et al., 2011, 2014). Third, we hypothesise that the
dominant control on vegetation changes in the Chiquitano
dry forest during the Holocene is climate, rather than ﬁre,
as shown at Laguna La Gaiba (Power et al., 2016).
STUDY AREA AND SITE SELECTION
The study area of eastern lowland Bolivia is covered to a large
extent by Chiquitano tropical dry forests, which occupy a
transition zone between Amazonian humid evergreen forests
to the north and dry Chaco thorn–scrub and savannah to the
south and east, respectively (Killeen and Schulenberg, 1998;
Killeen et al., 2006; Fig. 1).
The Chiquitano dry forests are characterized by pro-
nounced seasonality in rainfall distribution, being semidecid-
uous during the dry season, with the degree of deciduousness
increasing as rainfall declines. They are tree-dominated,
closed-canopy ecosystems, with a minor grass component,
tending to have a smaller size structure and thornier species
than humid evergreen forests (Pennington et al., 2000). The
woody ﬂora tends to be dominated by Fabaceae and Bigno-
niaceae (with particularly high abundances of Tabebuia),
with ﬂoristic variation according to proximity to ecotones
and type of geological substrate. Additional key taxa that
are common across the biome include: Anacardiaceae (Spon-
dias), Achatocarpaceae (Achatocarpus), Malvaceae (Ceiba,
Chorisia), Boraginaceae (Cordia), Cactaceae (Cereus), and
Cochlospermaceae (Cochlospermum) (Killeen et al., 2006).
The eastern limit of the Chiquitano dry forest coincides
broadly with the Paraguay River and the Bolivian–Brazilian
border, to the east of which lies the Pantanal—the largest
tropical wetland in the world (∼135,000 km2)—which is
formed by ﬂooding of the Paraguay River and its tributaries
(Fig. 1). The vegetation of the Pantanal is a heterogeneous
mosaic of xeric, mesic, and seasonally inundated plant com-
munities, controlled by edaphic factors, topography, and
ﬂooding (Ratter et al., 1988; Dubs, 1992; Hamilton, 2002;
Alho, 2005; Nunes da Cunha et al., 2007). The species com-
position is a mixture of the surrounding ecosystems, with
some Amazonian humid evergreen forest species occurring
in gallery forests, dry forest species occurring on raised
levees, cerrado savannah species occurring in higher-
elevation areas, and seasonally ﬂooded low-elevation areas
containing seasonally inundated savannahs (Alho, 2005)—
the dominant vegetation type of the Pantanal. The upland
savannah habitat of the Amolar hills (located near Laguna
La Gaiba and Laguna Mandioré; Figs. 1 and 2) is typical of
the Brazilian cerrado and is dominated by the following spe-
cies: Caryocar brasiliense, Qualea grandiﬂora, Tabebuia
caraiba, Diptychandra glabra, and Hymenaea stigonocarpa
(Prance and Schaller, 1982). In ﬂooded areas of the Pantanal
and shorelines of these two lakes, key herbaceous species
include: Pontederia cordata, Eichhornia crassipes, Thalia
geniculata, and Cyperus giganteus (Prance and Schaller,
1982). The Pantanal wetlands are linked to both LagunaMan-
dioré and Laguna La Gaiba via the Paraguay River, which
ﬂoods annually, overﬂowing into the surrounding wetlands
(Hamilton, 2002; Figs. 1 and 2).
The study site is Laguna Mandioré—a large, shallow, ﬂat-
bottomed lake (∼152 km2, 92 m above seal level [asl], depth
of ∼4–6 m), ∼20 km south of the southern shore of Laguna
La Gaiba—located along a fault between the Bolivian
Chiquitano semideciduous dry forest to the west and the Bra-
zilian Pantanal wetlands to the east. On the eastern shore of
Laguna Mandioré, dry forest grades into cerrado upland
savannah as altitude increases, and soils become thinner up
a series of large hills (Amolar hills, ∼900 m asl) that separate
the majority of the lake margin from the Pantanal wetlands
(Fig. 2). The geology of the surrounding area is a complex
of coalesced alluvial fans from incoming rivers across the
Pantanal, as well as outcrops of crystalline rock, limestone,
and iron and manganese oxides that form the Amolar hills
(∼900 m asl) (Hamilton, 2002). Laguna Mandioré is a high-
energy lake with signiﬁcant wave action and potential for
resuspension of sediment. The annual ﬂood pulse during
the wet season is not over land but via channels connected
to the Paraguay River, the headwaters of which are formed
by seasonal rains over the Pantanal basin (Hamilton, 2002).
The two primary channels are located at the southeastern
and northern edges of the lake. This ﬂood pulse brings an
organic-rich input to the lake. These river channels also act
to drain the lake into hydrological isolation during the dry
season (McGlue et al., 2011).
Laguna La Gaiba is also a large, shallow lake (∼90 km2,
depth of ∼4–6 m) split into two subbasins: the deeper south-
ern basin is surrounded to the south by hills predominantly
covered by Chiquitano dry forest; the shallower northern
basin merges into the Pantanal wetlands (Whitney et al.,
2014; Figs. 1 and 2). The speciﬁc site of connection to the
Paraguay River is a channel at the eastern edge of the northern
subbasin, which produces a large sandy fan. Biogeochemical
characteristics are similar to those of Laguna Mandioré,
except that Laguna La Gaiba has lower productivity with
lower concentrations of organic carbon, nitrogen, and bio-
genic silica (McGlue et al., 2011). In contrast to the area sur-
rounding Laguna Mandioré, however, the hills bordering
Laguna La Gaiba are of lower elevation and largely covered
by dry forest.
Due to the proximity of Lagunas La Gaiba andMandioré, a
comparison of palaeoecological records from these lakes
should clarify the spatial scale they represent and potentially
constrain the spatial scale of any Holocene ecotonal shifts.
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Approach
Lagunas Mandioré and La Gaiba are both situated within
complex catchments surrounded by multiple terrestrial, aqua-
tic, and semiaquatic ecosystems that are possible sources of
the pollen and phytoliths deposited within their sediments.
Therefore, we ﬁrst investigate potential pollen and phytolith
sources by comparing modern assemblages from multiple
surface samples across both lakes. These results will inform
the interpretation of the pollen and phytolith records from
Laguna Mandioré, which will enable an assessment of the
long-term impacts of the mid-Holocene drier climatic period
on the surrounding dry forest and nearby dry forest–upland
savannah ecotone. The use of phytoliths will allow the differ-
entiation of Poaceae subfamilies (Piperno, 2006) at key hori-
zons in the pollen record and will therefore assist with
differentiating dry forest understorey from upland and wet-
land savannah signals. It will also provide a more local-scale
vegetation signal than pollen (Piperno, 2006; Whitney et al.,
2013; Carson et al., 2015).
METHODS
Field methods
A sediment core of 4.5 m consisting of overlapping 1-m
sections was collected by FEM in 2001 from the northern
end of Laguna Mandioré (core site 5: 18°5′30.60′′S,
57°33′45.60′′W), ∼2 km from the Amolar hill formation
(Figs. 1 and 2), using a drop-hammer, modiﬁed Livingstone
piston corer from an anchored ﬂoating platform (Colinvaux
et al., 1999). An overlapping surface-sediment core, including
the sediment–water interface, was collected using a
5-cm-diameter Perspex tube and piston. An additional surface-
sediment core was collected from the southwestern portion of
the lake (core site 2: 18°12′32.00′′S, 57°35′2.00′′W). The sur-
face core was split in the ﬁeld into 1 cm increments and placed
into watertight plastic tubes. The Livingstone cores were
shipped in their sealed aluminium tubes. All samples were
kept in cold storage at 4°C.
Three surface-sediment samples were analysed from
Laguna La Gaiba: core site 6 in the west of the south basin
(17°47′0.00′′S, 57°45′2.00′′W), core site 10 in the north of
the south basin (17°44′36.50′′S, 57°43′40.00′′W), and core
site 16 in the north basin (17°41′60.00′′S, 57°41′59.00′′W)
(Figs. 1 and 2). Core site numbers refer to those originally
published in Whitney et al. (2011).
Laboratory methods
Fossil pollen and phytolith analyses were undertaken to
reconstruct the vegetation history of the Laguna Mandioré
site. Sediment samples measuring 1 ml were processed for
fossil pollen using the standard protocol (Faegri and Iversen,
1989). Fossil pollen identiﬁcation was conducted using the
tropical pollen reference collection at the University of Read-
ing Tropical Palaeoecology Research laboratory, which con-
tains more than 1000 specimens and published pollen
reference literature (Roubik and Moreno, 1991; Colinvaux
et al., 1999). Terrestrial pollen counts of 300 grains were
obtained for each sample, including both Poaceae and Cyper-
aceae. The sampling resolution for pollen varies between 150
yr during the mid-Holocene up to 1200 yr in the early Holo-
cene (N = 26).
Figure 1. (color online) (A) A map of the study region with black box outlining study area. (B) Zoomed-in map of the study area with veg-
etation types surrounding Lagunas Mandioré and La Gaiba and the multiple surface-sample locations from each lake.
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Sediment samples of 3 ml were processed for phytolith
analysis using the standard wet-sediment technique (Piperno,
2006). Phytolith extraction was conducted using the wet oxi-
dation method involving nitric acid heated to 90°C as
described in Piperno (2006). Wet-sediment samples of 3 ml
were obtained from each horizon to allow for fractionation
during processing into “A” (<53 μm) and “C” (53–250 μm)
fractions (Piperno, 2006). A-fraction slides were counted at
400× magniﬁcation, and a minimum sum of 200 diagnostic
phytoliths was counted for each sample. C-fraction slides
were scanned at 100×, with identiﬁcations conducted at
400× magniﬁcation. All diagnostic phytoliths on the C-frac-
tion slides were counted. Phytolith identiﬁcation was carried
out with reference to the University of Reading tropical phy-
tolith reference collection, which contains modern specimens
from 152 species, and photographs of the University of Exe-
ter phytolith reference collection, which contains more than
500 modern neotropical species. Published phytolith refer-
ence atlases for the Neotropics, tropical Africa, Asia, and
Australasia were also consulted (Kondo et al., 1994; Boyd
et al., 1998; Piperno and Pearsall, 1998b, 1998a; Runge,
1999; Wallis, 2003; Lu and Liu, 2003; Piperno, 2006; Iriarte
Figure 2. Google Earth imagery of lake sites with core site locations shown by black markers, lake outline shown by the white line, Paraguay
River shown by blue lines, and ecosystems labelled. (A) Laguna La Gaiba; (B) Laguna Mandioré. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)
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and Paz, 2009; Mercader et al., 2009, 2011; Dickau et al.,
2013; Watling and Iriarte, 2013; Watling et al., 2016). The
sampling resolution for phytoliths varies from 1000 yr
in the mid-Holocene up to 2000 yr in the early and late
Holocene (N = 7).
To reconstruct past changes in ﬁre regime, macroscopic
charcoal was analysed from 1ml of wet sediment (N = 37),
treated with hot sodium hexmetaphosphate and sodium
hydroxide, and sieved into >100 μm and >180 μm fractions.
All charcoal particles were counted for both fractions and
identiﬁed as being from herbaceous or woody taxa under a
stereo microscope (Whitlock and Larsen, 2001).
Loss-on-ignition (LOI) at 550°C and 950°C was per-
formed on 1 ml of wet sediment at 4 cm resolution (N =
79), to determine organic and carbonate content, respectively
(Heiri et al., 2001). Wet-sediment samples of 1 ml were dried
and ground to a ﬁne powder and treated with HCl to remove
carbonates before measurement of C, N, and δ13C (Harris
et al., 2001). Total %C and %N were measured on a Flash
2000 to determine C/N ratios (N = 81). δ13C of bulk sediment
was measured with a ThermoFisher Scientiﬁc Delta V
Advantage mass spectrometer (N = 81). Total %C and %N
were calculated relative to standard reference material, aspar-
tic acid and laboratory soil standard QC. Replicate analysis of
laboratory reference material QC yielded the following preci-
sion data (n = 14, ±σn−1): 0.13% and 0.04% for %C and %N,
respectively. The δ13C/12C ratio was calculated relative to
standard reference materials polyethylene (CH7), sucrose
(CH6), and L-glutamic acid (USG40) and reported as per
mille (‰) deviations fromVPDB standard. Replicate analysis
of standard reference materials CH7, CH6, and USG40
yielded the following precision data (n = 13, ±σn−1):
0.23‰, 0.01‰, and 0.04‰, respectively. C/N ratios were
multiplied by 1.167 to get atomic C/N for comparison with
established ratios (Meyers and Teranes, 2001). X-ray ﬂuores-
cence (XRF) analysis was conducted using a portable X-ray
ﬂuorescence Thermo Scientiﬁc Niton 3L3t GOLDD at 1
cm resolution on intact long sediment cores (N = 268). Anal-
ysis was not possible for the surface core (0–54 cm), as insuf-
ﬁcient sediment was available. XRF data measured as counts
per second (cps) are presented as ratios throughout this paper
(Francus et al., 2009). Lithological descriptions of the sedi-
ments were conducted using the Munsell colour chart.
Radiocarbon dates were obtained from bulk lake sediment,
due to the absence of sufﬁcient terrestrial plant macrofossils
or macro-charcoal particles for dating. Two dates were
obtained from Beta Analytic and ﬁve further Holocene
dates were granted by the Natural Environment Research
Council radiocarbon facility (allocation number 2038.1016).
Numerical analyses
Frequency and stratigraphic plots for pollen, phytoliths, and
charcoal were created using version 1.7 of the C2 software
(Juggins, 2016) and edited in Inkscape 0.92.3. Stratigraphic
diagrams for geochemical data were created in the rioja
0.9-15.1 package in R v. 3.4.1 and edited in Inkscape
0.92.3. The age-depth model was built using Bacon 2.3.4
package in R v. 3.4.1 (Blaauw and Christen, 2011) and the
IntCal13 calibration curve (Reimer et al., 2013), due to the
strong inﬂuence of the South American summer monsoon
and Northern Hemisphere air masses on atmospheric circula-
tion in our study region (Marsh et al., 2018).
A constrained clustering analysis (CONISS) with Euclid-
ean distances (Grimm, 1987) was carried out on the pollen
data, and statistically signiﬁcant pollen zones were deter-
mined using the broken stick model (Bennett, 1996) in the
rioja 0.9-15.1 package (Juggins, 2017) in R v. 3.4.1. Palyno-
logical richness was determined using rarefaction analyses to
control for the inﬂuence of count size on pollen sums (Birks
and Line, 1992) using the vegan 2.5-2 package (Oksanen
et al., 2018) in R v. 3.4.1.
Map production
Maps of the ecosystems surrounding the lake site were created
using ArcGIS 10.4 (Fig. 1). A vegetation classiﬁcation of our
study area, based on Landsat imagery, was provided by the
Museo de Historia Natural Noel Kempff Mercado, Santa
Cruz, Bolivia, in 2015. This map is overlaid on the WWF ter-
restrial ecoregions of the world, adapted from Olson et al.
(2001). Additional maps of the lake sites (Fig. 2) were created
using Google Earth Pro imagery and Inkscape 0.92.3.
RESULTS
Modern pollen and phytoliths at Lagunas Mandioré
and La Gaiba
Modern pollen
The two surface samples from Laguna Mandioré (2 and 5)
contain similar pollen assemblages, dominated by Poaceae
pollen at 48%–56% with pollen richness of 24 (Fig. 3).
Both samples contain consistent levels of Anadenanthera
(4%), Alchornea (3%), Arecaceae (2%), and Curatella amer-
icana (1%) pollen. Cyperaceae and total Moraceae/Urtica-
ceae pollen abundances are higher at Mandioré 2 (19% and
11%, respectively) than at Mandioré 5 (9% and 5%, respec-
tively), whereas Astronium and Celtis pollen abundances
are higher at Mandioré 5 (3% and 5%, respectively) than at
Mandioré 2 (1% and 1%, respectively) (Fig. 3).
The relative abundances of pollen types were more variable
between the surface samples from Laguna La Gaiba (6, 10,
and 16) than between the Laguna Mandioré surface samples.
La Gaiba 6 and 10 are more similar to each other than La
Gaiba 16 (Fig. 3). Pollen richness at La Gaiba 6 and 10 is sim-
ilar to that at the Mandioré sites (26 and 25, respectively),
while richness at La Gaiba 16 is considerably lower at 18.
La Gaiba 16 shows higher abundance of Cyperaceae pollen
(34% compared with 21%–23% at La Gaiba 6 and 10, respec-
tively) and lower abundance of arboreal pollen (6% compared
with 18%–23% at La Gaiba 6 and 10, respectively), with both
Astronium and Acalypha pollen absent.
6 H.J. Plumpton et al.
https://www.cambridge.org/core/terms. https://doi.org/10.1017/qua.2019.55
Downloaded from https://www.cambridge.org/core. IP address: 88.111.139.150, on 29 Oct 2019 at 13:25:14, subject to the Cambridge Core terms of use, available at
Overall, the modern pollen assemblages are similar across
the surface samples from the two lakes, except for La Gaiba
16. Mandioré 2 and 5 and La Gaiba 6 and 10 all show similar
total arboreal pollen abundances (18%–29%) including
Astronium, Anadenanthera, Moraceae/Urticaceae, Alchor-
nea, and Celtis pollen, whereas La Gaiba 16 only contains
pollen of Alchornea and Anadenanthera as arboreal taxa.
La Gaiba 16 also contains higher Cyperaceae and Poaceae
pollen abundances than the other four surface samples. Pollen
of Curatella americana and the aquatic plant Eichhornia are
only present in the Mandioré samples.
Modern phytoliths
The phytolith assemblages from the surface samples at Man-
dioré 2 and 5 are broadly consistent with each other, with
grass and herb total ranges from 73% to 77% and arboreal
totals from 22% to 26% (Fig. 4). However, woody eudicot–
Figure 3. Summary pollen diagram from two LagunaMandioré surface samples and three Laguna La Gaiba surface samples. Pollen presented
as percentage of terrestrial sum.
Figure 4. Summary phytolith diagram for two Laguna Mandioré surface samples and three Laguna La Gaiba surface samples. Phytoliths pre-
sented as percentage of diagnostic total.
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type and Bambusoideae-type phytoliths are higher in abun-
dance at Mandioré 2, while Panicoideae type and Celtis phy-
toliths are higher atMandioré 5. Phytolith richness is higher at
Mandioré 5 (33) than at Mandioré 2 (24).
The relative abundance of phytolith types was more vari-
able between Laguna La Gaiba surface samples than between
Laguna Mandioré surface samples, with La Gaiba 10 and 16
more similar to each other than to La Gaiba 6. Phytolith rich-
ness at La Gaiba 6 (27) is lower than richness at La Gaiba 10
and 16 (34 and 30, respectively). Woody eudicot–type phyto-
liths are signiﬁcantly higher in abundance at La Gaiba 6 (33%
compared with 15%–20% at La Gaiba 10 and 16), while the
total Poaceae phytolith abundance is lower, particularly Pan-
icoideae types (6% compared with 11%–12% at La Gaiba 10
and 16).
Across all ﬁve surface samples from the two lakes, grass
and herb phytolith percentages are broadly consistent, includ-
ing Cyperaceae, Poaceae, and Bambusoideae phytoliths. The
major differences between these phytolith samples are the
higher arboreal phytolith abundance at La Gaiba 6 and the
higher Panicoideae-type phytolith abundance at Mandioré,
particularly Mandioré 5.
Palaeo results for Laguna Mandioré 5
Chronology
Seven Holocene accelerator mass spectrometry (AMS) 14C
dates were obtained from bulk sediment, spaced evenly
throughout the Holocene section of the core (0–360 cm
depth) (Table 1). Because carbonate content (LOI at 950°
C) was below 5% throughout the core, any “hard-water
effect” is likely to be negligible. The relationship between
radiocarbon dates and stratigraphic positions was modelled
using Bayesian Markov chain Monte Carlo statistical model-
ling (Blaauw and Christen, 2011) with 73 subdivisions along
the sediment core (Fig. 5).
Vegetation, ﬁre, and geochemical proxies
Four statistically signiﬁcant pollen zones (PZs 1–4) were
identiﬁed based on the CONISS analysis (Grimm, 1987)
and broken stick model (Bennett, 1996).
PZ1—early Holocene (10,400–7100 cal yr BP). The pol-
len assemblages in the early Holocene are characterised by
ﬂuctuations in pollen of Poaceae (30%–55%) and Cypera-
ceae (20%–40%) and a peak in Alternanthera pollen up to
50% at 9700 cal yr BP (Fig. 6). Arecaceae pollen is present
at 1%–3% throughout the pollen zone, as is Urticaceae/
Moraceae pollen at 1%–7% (Fig. 6). Other taxa with pollen
present at low abundance (<2%) throughout this period
include Schinopsis, Spondias, Gallesia, Trema, Annona-
ceae, and Erythroxylum. Pollen of the herbs Amaranthus
and Gomphrena appear at low abundance (<2%) around
8000 cal yr BP and afterwards towards the top of PZ1.
Aquatic pollen increases up to 20% towards the top of
PZ1, driven by increases in Sparganium pollen. The phyto-
lith assemblages from this zone show the Poaceae signal is
formed by equal contributions from Bambusoideae and
Panicoideae-type phytoliths (Fig. 7).
Most charcoal particles are wood fragments between 100
and 180 μm in size, which peak in abundance just after
8000 cal yr BP (Fig. 8). C/N ratios range from 13 to 15 in
this pollen zone, while δ13C ranges from −18‰ to −27‰
(Fig. 9). Rb/K, Fe/K, and Ca/Ti are low throughout. The %
LOI at 550°C, %C, and %N stay low throughout this pollen
zone, and the lithology of the core shows the highest clay
content of the Holocene (Fig. 9).
PZ2—mid-Holocene phase 1 (7100–6100 cal yr BP).
Pollen of Astronium and Anadenanthera trees both reach
peak abundance in this period at 9% and 11%, respectively
(Fig. 6). Curatella americana pollen also reaches peak
abundance at 5%. Other arboreal taxa remain at constant lev-
els through this period, including Alchornea, Celtis, and
Helicostylis. Spondias, Schinopsis,Mimosa, and Trema pol-
len are present at low (<2%) abundance. Pollen of the herb
Alternanthera peaks twice (10%), and pollen of the aquatic
plant Sparganium reaches peak abundance (32%), while
Poaceae pollen declines slightly to 22%–30%. Poaceae phy-
tolith abundance and the proportion of Bambusoideae to
Panicoideae phytolith types remain constant (Fig. 7). Mar-
antaceae phytoliths are present at low abundance (<2%),
and Asteraceae platelets are present in the C-fraction
(Fig. 7).
Table 1.Radiocarbon dates for Mandioré core 5. The material for all samples was bulk sediment. Dates were calibrated using calibration curve
IntCal13 (Reimer et al., 2013) in Bacon 2.3.4 package in R v. 3.4.1 (Blaauw and Christen, 2011).
Publication
code
Sample
identiﬁer
Stratigraphic
position (cm)
14C enrichment
(% modern)
Conventional 14C age
(yr BP ± 1σ)
Carbon
content (%wt)
δ13C
(‰)
Calibrated age
range (yr BP ± 2σ)
SUERC-72913 Mand-50 50–51 79.36 1857 ± 37 6.2 −20.1 1633–1933
SUERC-72914 Mand-100 100–100.5 61.97 3843 ± 37 5.5 −19.3 3999–4416
Beta - 438857 143 143–144 4580 ± 30 −16.7 5037–5461
SUERC-72915 Mand-200 200–200.5 50.76 5448 ± 38 16.5 −16.6 6114–6429
Beta - 438858 237 237–238 6150 ± 30 −19.9 6850–7178
SUERC-72916 Mand-280 280–280.5 44.53 6499 ± 38 5.8 −18.9 7376–7913
SUERC-72917 Mand-360 360–360.5 29.26 9872 ± 41 0.9 −19.9 9221–11,446
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Total charcoal concentration ﬂuctuates between 133 and
181 particles/ml wet sediment and continues to be dominated
by the 100–180 μm woody pieces (Fig. 8). The %C and %N
peak during PZ2 at 17% and 1.2%, respectively, while overall
the C/N ratio increases, ranging from 12 to 17 (Fig. 9). δ13C
also increases during this period, up to −16‰ towards the
top of the zone. The %LOI at 550°C increases up to 30%
during PZ2 (Fig. 9). Higher organic content coincides with
an increase in Ca/Ti compared with PZ1 (Fig. 9).
PZ3—mid-Holocene phase 2 (6100–3600 cal yr BP). Pol-
len from Astronium, Anadenanthera, and Curatella ameri-
cana declines towards 4000 cal yr BP at the top of PZ3.
Dalbergia/Machaerium and Cedrela pollen abundance
peaks around 5000 cal yr BP, while total Moraceae/Urtica-
ceae pollen remains reasonably constant throughout. Acacia,
Gallesia, Trema, and Erythroxlyum pollen appears at low
(<2%) abundance, particularly between 6000 and 5000 cal
yr BP. Pollen of the herb Amaranthus also appears at low
abundance several times through this pollen zone, while
Sparganium pollen abundance declines throughout this
period and is superseded by pollen of another aquatic plant,
Eichhornia. Poaceae pollen increases towards the top of
PZ3, with a slight increase in the proportion of Bambusoideae
phytoliths to Panicoideae phytoliths, although there is no
change in the overall Poaceae phytolith abundance (Fig. 7).
Heliconiaceae phytoliths are present at low abundance
(<2%) at 5500 cal yr BP (Fig. 7).
The charcoal record continues to be dominated by the 100–
180 μm woody pieces, with a slight increase in >180 μm
woody pieces during this period. Total charcoal concentra-
tion ﬂuctuates between 87 to 197 particles/ml wet sediment
(Fig. 8). The %C and %N both decrease through PZ3, with
a decrease in overall C/N ratios to around 12–14 (Fig. 9).
δ13C also decreases through this period, from −17‰ at
6100 cal yr BP to −27‰ at 3800 cal yr BP. Ca/Ti peaks
around 6000 cal yr BP, at peak mid-Holocene drought, and
then declines towards the top of PZ3. Rb/K and Fe/K increase
from 4000 cal yr BP (Fig. 9).
PZ4—late Holocene (3600 cal yr BP to present). Astro-
nium and Anadenanthera pollen maintain a continuous pres-
ence but at lower abundances, reaching maximum levels for
this pollen zone of 3% and 5%, respectively, in the present
(Fig. 6). Curatella americana also declines in abundance to
0.6% at the modern day. Pollen of Alchornea, Celtis, and
Figure 5. (color online) Age-depth model for Mandioré core 5 built using Bacon 2.3.4 in R 3.4.1 (Blaauw and Christen, 2011). Age is plotted
as calibrated years before present (cal yr BP) against depth as centimeters below the sediment–water interface. Accumulation rate is abbrevi-
ated to ‘acc.’, memory is abbreviated to ‘mem.’.
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Helicostylis maintains constant abundance throughout PZ4.
Pollen from the palm Astrocaryum peaks around 1000 cal
yr BP, as does pollen from the deep-water aquatic Eichhornia.
Symmeria paniculata pollen is present at low abundance
throughout PZ4 (Fig. 6). Phytoliths are found from Strelitzia-
ceae, which includes the genera Phenakospermum, and from
Heliconiacaeae, Marantacaeae, and Asteraceae (Fig. 7).
There is a peak in total charcoal concentration at 2000 cal
yr BP up to 280 particles/ml wet sediment, set against ﬂuctu-
ations from 71 to 212 particles/ml (Fig. 8). The charcoal
record continues to be dominated by woody pieces between
100–180 μm with a small peak in woody pieces >180 μm
around 2400 cal yr BP (Fig. 8). C/N ratios decline further
throughout the late Holocene, from 13 to 9 in the present,
with an increase in both %C and %N up to 6.2% and 0.8%
in the present (Fig. 9). Rb/K and Fe/K are high during PZ4
(Fig. 9). δ13C also decreases slightly compared with PZ3
and ﬂuctuates between −22‰ and −32‰ (Fig. 9).
DISCUSSION
Implications of modern pollen and phytolith data for
interpretation of fossil data from Lagunas Mandioré
and La Gaiba
Modern pollen and phytolith assemblages from Laguna La
Gaiba conﬁrm that the Pantanal wetlands do have an inﬂu-
ence on the palaeo-vegetation records, particularly in the
north basin (La Gaiba 16), which merges into the Pantanal
wetlands (Fig. 2), where the only arboreal pollen taxa are
Alchornea, which includes ﬂood-tolerant tree species
Figure 6. Pollen plotted against age of sediment in calibrated years before present (cal yr BP) for Mandioré core 5, with pollen zones marked
by grey horizontal lines (PZ = pollen zone) and dating horizons marked by black circles on secondary depth axis. Pollen presented as percent-
age of terrestrial sum. (A) Taxa greater than 2% abundance in more than 1 sample, displayed as percent abundance of terrestrial total. (B) Taxa
with less than 2% abundance, marked by an asterisk (*), with pollen richness and pollen concentration.
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(Nunes da Cunha et al., 2007), and Anadenanthera (Fig. 3).
The southern end of the south basin is surrounded by dry for-
est with a small palm swamp, which is reﬂected in the abun-
dance of pollen from key dry forest taxa Astronium and
Anadenanthera (Gosling et al., 2009) and greater abundance
of phytoliths from arboreal plants at La Gaiba 6. This is ∼3
km west of the long-core site that Whitney et al. (2011,
2013) used for the vegetation reconstruction of the past
45,000 yr of Chiquitano semideciduous dry forest. The phy-
tolith assemblages presented here conﬁrm that this long-core
site is likely to be the most representative of the semidecidu-
ous dry forest and least inﬂuenced by the vegetation of the
Pantanal wetlands.
Surface pollen assemblages from Laguna Mandioré
contain key dry forest taxa Astronium and Anadenanthera
(Gosling et al., 2009). Although Bambusoideae phytoliths,
indicative of semideciduous dry forest (Dickau et al.,
2013), are high across all surface samples, Laguna Mandioré
samples show a higher total Poaceae abundance than Laguna
La Gaiba samples, particularly of Panicoideae types (Fig. 4).
As phytoliths from lakes primarily represent local vegetation
(Piperno, 2006), the majority of the Panicoideae inputs are
likely to reﬂect local shoreline vegetation at both Mandioré
sites (2 and 5). However, a minor component of the Panicoi-
deae phytolith signal could be representing extra-local inputs.
As the Panicoideae grass subfamily includes both wetland
and upland species, this signal could be reﬂecting inﬂuence
from the Pantanal wetlands and the upland savannahs of the
Amolar hills. The southeast Laguna Mandioré basin is con-
nected to the Pantanal wetlands via a channel to the Paraguay
Figure 7. Phytoliths plotted against age of sediment in calibrated years before present (cal yr BP) for Mandioré core 5, with pollen zones
marked by grey horizontal lines (PZ = pollen zone) and dating horizons marked by black circles on secondary depth axis. (A) A-Fraction
taxa, with taxa with less than 2% abundance marked by an asterisk (*). (B) C-Fraction taxa, presence shown by “X”.
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Figure 8.Charcoal concentration plotted against age of sediment in calibrated years before present (cal yr BP) forMandioré core 5, with pollen
zones marked by grey horizontal lines (PZ = pollen zone) and dating horizons marked by black circles on secondary depth axis. Charcoal sep-
arated into >100 μm and >180 μm size fractions and classiﬁed as being fromwoody or grass plant material origin. Charcoal counts displayed as
number of particles per cubic centimetre of wet sediment.
Figure 9. Geochemical proxies and lithology column plotted against calibrated years before present (cal yr BP) for Mandioré core 5, with
pollen zones marked by grey horizontal lines (PZ = pollen zone) and dating horizons marked by black circles on secondary depth axis. %
LOI at 550°C, %LOI at 950°C, %C, and %N are presented as percentages. δ13C/12C is presented as per mille (‰) deviation from VPDB stan-
dard. Atomic C/N is presented as a ratio. XRF results are presented as ratios.
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River that is surrounded by wetlands (McGlue et al., 2012),
which may wash pollen, phytoliths, and other materials into
the south basin during the wet season. As Mandioré 2 is sit-
uated in the southern Laguna Mandioré basin, Pantanal wet-
land grasses are more likely to have contributed to the high
Panicoid phytolith abundance at this site. Mandioré 5 is in
the northern basin, just ∼2 km from the base of the Amolar
hills, and it is therefore more likely that contributions to the
Panicoid abundance at this site are from the upland savannah
atop the Amolar hills rather than the Pantanal wetlands.
The surface pollen assemblage from Mandioré 5 contains
Curatella americana pollen at ∼1%, which is comparable
to abundances found in pollen traps from within terra ﬁrme
(cerrado) upland savannah at Noel Kempff Mercado National
Park (Jones et al., 2011). Low pollen abundance in
palaeo-records is expected for Curatella americana and
other savannah tree pollen, such as Brysonima or savannah
shrubs such as Schefﬂera or Alibertia, due to their entomoph-
ilous pollination mechanism (Jones et al., 2011; Hilje et al.,
2015). The low abundance or absence of these key savannah
pollen tree taxa in the present is therefore unsurprising despite
the close proximity of Mandioré 5 to the Amolar hills upland
savannah. Any increase in the abundance of pollen from these
savannah taxa in the fossil record would suggest an increase
in upland savannah extent (i.e., downslope expansion) com-
pared with the present day.
Holocene vegetation reconstruction at Laguna
Mandioré 5
PZ1—early Holocene (10,400–7100 cal yr BP)
This pollen zone is suggestive of a semideciduous dry forest
community occupying the hillslopes around Laguna Man-
dioré in the early Holocene, with a signiﬁcant herbaceous
component. Key dry forest taxa such as Anadenanthera
(3%) and Astronium (4%) are present (Gosling et al., 2009;
Fig. 6). The abundance of Urticaceae/Moracaceae pollen in
this zone at 1%–7% is well below the 40% level expected
for closed-canopy humid evergreen forest (Gosling et al.,
2009). The most abundant Moraceae genus in the assemblage
is Helicostylis, which has moisture-dependent species in
evergreen and liana forests (Burn and Mayle, 2008), and
therefore probably represents gallery and riparian evergreen
forest along lakeshores and rivers around Laguna Mandioré.
Pollen of other arboreal taxa present throughout this period
include Schinopsis, Spondias, Gallesia, Trema, Annonaceae,
and Erythroxylum, suggesting the presence of a closed-
canopy forest. The herbaceous component of the vegetation
is characterised by ﬂuctuation in Poaceae and Alternanthera
pollen (Fig. 6). Phytolith assemblages show that the Poaceae
signal is characterised by equal contributions from
Bambusoideae- and Panicoideae-type phytoliths (Fig. 7).
High Bambusoideae phytolith abundance is indicative of
understorey bamboo in semideciduous dry forest (Dickau
et al., 2013), whereas Panicoideae phytoliths are generally
indicative of open-savannah habitats, either wetland or
upland (Piperno, 2006; Dickau et al., 2013). The phytolith
assemblage therefore conﬁrms the presence of semideciduous
dry forest local to the site during this period, while also sug-
gesting some local savannah inputs. As phytoliths primarily
represent local vegetation (Piperno, 2006), these Panicoideae
phytolith inputs therefore most likely reﬂect predominantly
local shoreline vegetation, with only minor inputs from the
upland savannah atop the Amolar hills, which at present is
∼2 km from the lakeshore.
C/N ratios (13–15) in this pollen zone indicate a mixture of
algal and terrestrial inputs to the lake sediment (Fig. 8). The C/
N ratio of algal material typically ranges from 4 to 10, whereas
C3 terrestrial material has a C/N ratio >20 (Meyers andTeranes,
2001). The C/N ratios from this pollen zone are therefore sug-
gestive of high algal productivity in the lake, with terrestrial
inputs. δ13C values indicate mixed C3/C4 vegetation inputs
(C3 vegetation range is −20‰ to −35‰, compared with
−9‰ to −16‰ for C4 vegetation) (Boutton, 1996).
PZ2—mid-Holocene phase 1 (7100–6100 cal yr BP)
Astronium and Anadenanthera, two key pollen taxa indica-
tive of semideciduous dry forest (Gosling et al., 2009),
both reach peak abundance in this period at 9% and 11%,
respectively (Fig. 5). Curatella americana, a savannah tree,
also reaches peak abundance at 5%, much higher than the
∼1% abundance found in pollen traps within upland savan-
nah at Noel Kempff Mercado National Park (Jones et al.,
2011).This combination of pollen taxa shows that the lake
record is detecting the presence of the dry forest–upland
savannah ecotone on the Amolar hills for the ﬁrst time in
the Holocene. This ﬁnding suggests that the area of upland
savannah within the lake catchment has increased, likely
due to a shift in the dry forest–upland savannah ecotone
downslope from the neighbouring Amolar hills. The contin-
ued presence of closed-canopy forest in the catchment is dem-
onstrated by the constant levels of pollen from other arboreal
taxa such as Alchornea, Celtis, andHelicostylis. Poaceae pol-
len abundance declines slightly within this pollen zone
(Fig. 6), while the phytolith assemblage shows a constant pro-
portion of Bambusoideae to Panicoideae types (Fig. 7). This
phytolith assemblage indicates a constant proportion of dry
forest (Bamusoideae) and savannah (Panicoideae) inputs
from the vegetation close to the shore, suggesting that savan-
nah encroachment did not reach the dry forest vegetation at
the base of the Amolar hills.
C/N ratios increase in PZ2 (12–17), suggesting greater ter-
restrial inputs to the lake sediment during this period com-
pared with PZ1 (Fig. 9). δ13C also increases during this
period, up to −16‰ towards the top of the zone. Together,
the shifts in C/N and δ13C indicate greater terrestrial C4 veg-
etation inputs compared with PZ1, supporting the interpreta-
tion of C4 upland savannah expansion on the slopes of the
Amolar hills. Organic content of the sediment increases dur-
ing PZ2 with %LOI at 550°C increasing up to 30%, coincid-
ing with an increase in the Ca/Ti ratio (Fig. 9), suggesting
evaporative concentration of the lake waters (Metcalfe
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et al., 2014), possibly due to the reduction in precipitation
during the mid-Holocene drier period. This interpretation is
supported by peak abundance (32%) of pollen of the aquatic
plant Sparganium, a genus of ﬂoating or emergent aquatic
marsh plants (Ricketson, 2001), reﬂecting an increase in
aquatic vegetation of shallow lake waters.
PZ3—mid-Holocene phase 2 (6100–3600 cal yr BP)
Pollen from key dry forest taxa Astronium and Anadenan-
thera and from the savannah tree Curatella americana
decline towards 4000 cal yr BP at the top of PZ3, indicating
a reduction in the extent of upland savannah and a shift of the
dry forest–upland savannah ecotone upslope to its early
Holocene position. Closed-canopy forest is maintained in
the catchment, as demonstrated by pollen of Dalbergia/
Machaerium, Cedrela, Acacia, Gallesia, Trema, and Eryth-
roxlyum. Poaceae pollen increases towards the top of PZ3,
with a slight increase in the proportion of Bambusoideae phy-
toliths to Panicoideae phytoliths, suggesting a slight increase
in dry forest vegetation close to the shoreline (Fig. 6).
C/N ratios decrease slightly during this period, suggesting
a slight reduction in terrestrial inputs compared with PZ2
(Fig. 8). δ13C also decreases through this period, from
−17‰ to −27‰, demonstrating a return to predominantly
C3 vegetation inputs from a mix of terrestrial and aquatic
sources. The return to a C3-dominated signal suggests a
reduction in C4 upland savannah vegetation reﬂecting the
reduction in savannah on the slopes of the Amolar hills as
the dry forest–upland savannah ecotone shifts upslope.
Ca/Ti peaks around 6000 cal yr BP, at peak mid-Holocene
drought, and then declines towards the top of PZ3, suggesting
peak evaporative concentration of lake waters at 6000 cal yr
BP (Metcalfe et al., 2014). From 4000 cal yr BP Rb/K and
Fe/K increase, suggesting an increase in transport of weath-
ered material to the lake, which could indicate an increase
in precipitation (McGlue et al., 2012; Metcalfe et al.,
2014). Sparganium pollen abundance declines throughout
this period and is superseded by an aquatic plant typical of
deeper waters, Eichhornia (Hamilton, 2002), supporting the
interpretation of an increase in lake levels.
PZ4—late Holocene (3600 cal yr BP–present)
Pollen of key dry forest taxa Astronium and Anadenanthera
maintain a continuous presence up to the modern day but at
lower abundances compared with the mid-Holocene, while
Curatella americana pollen declines towards the present
(Fig. 6), reﬂecting the reduced extent of upland savannah
and upslope shift of the dry forest–upland savannah ecotone
to its present position on the slopes of the Amolar hills.
Alchornea, Celtis, and Helicostylis all maintain constant
abundance throughout PZ4, reﬂecting the persistence of
closed-canopy forest.
There are several indicators in the vegetation that precipita-
tion is increasing during PZ4, including the presence of
pollen from inundation-tolerant tree Symmeria paniculata
and peak abundance of the deep-water aquatic Eichhornia
(Fig. 6). Additionally, phytoliths are found from Strelitzia-
ceae, which includes the genera Phenakospermum, a tree
common in inundated, wet environments as well as Helico-
niacaeae, Marantacaeae, and Asteraceae phytoliths, which
can be indicators of inundated shoreline or savannah vegeta-
tion (Dickau et al., 2013; Fig. 7).
C/N ratios decline further throughout the late Holocene
(Fig. 9) suggesting higher algal productivity towards the pre-
sent, possibly due to increasing precipitation in the late Holo-
cene and hence greater weathering of soils and nutrient
inwash to the lake. This interpretation is supported by high
Rb/K and Fe/K ratios, which have been interpreted to show
an increase in transport of weathered material to lakes in
this region of the Pantanal (McGlue et al., 2012; Metcalfe
et al., 2014) (Fig. 9). δ13C also decreases slightly compared
with PZ3 and ﬂuctuates within the C3 vegetation range (Bout-
ton, 1996), reﬂecting the dominance of C3 forest vegetation
over C4 upland savannah vegetation in the lake catchment
in the present.
Impact of drier mid-Holocene climate
Dry forest biome and ﬂoristics
Key dry forest taxa in the pollen record—Anadenanthera and
Astronium—reach peak abundance between 7000 and 6000
cal yr BP and maintain high abundance until ∼4000 cal yr
BP (Fig. 10). This ﬁts with the timing of the mid-Holocene
drier climatic period in Andean palaeoclimate records such
as Laguna Titicaca (Baker et al., 2001) and Laguna Puma-
choca (Bird et al., 2011) as well as lowland Pantanal records
such as Jaraguá Cave (Novello et al., 2017), Laguna Negra
(Rasbold et al., 2019), and Laguna La Gaiba (Whitney
et al., 2011, 2014; McGlue et al., 2012; Whitney and
Mayle, 2012; Metcalfe et al., 2014; Fornace et al., 2016;
Fig. 11). Additionally, peak Ca/Ti and low Rb/K and Fe/K
around 6000 cal yr BP at Laguna Mandioré suggest reduced
mineral wash into the lake and support the identiﬁcation of a
mid-Holocene drier climate between 7000 and 4000 cal yr BP
(Fig. 9). These ﬁndings are consistent with peak Ca/Ti at
Laguna La Gaiba from 9000 to 4000 cal yr BP (Metcalfe
et al., 2014), demonstrating regionally consistent geochemi-
cal changes.
Alongside increases in Astronium and Anadenanthera,
other forest pollen taxa such as Helicostylis, Melastomata-
ceae/Combretaceae, Alchornea, and Celtis remain present
and do not change in abundance through the mid-Holocene
drier period (Fig. 6). These ﬁndings support the hypothesis
that closed-canopy dry forest is maintained throughout the
mid-Holocene drier period but that ﬂoristic changes do
occur, with an increase in typical dry forest taxa that are
more resilient to water stress (Reich and Borchert, 1984;
Nunes da Cunha et al., 2007) and hence outcompete more
moisture-dependent taxa. The high abundance of Bamusoi-
deae phytoliths, typical of dry forest (Dickau et al., 2013),
at key horizons in the pollen record further supports the
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interpretation that closed-canopy forest was maintained
throughout the Holocene (Fig. 7). This combination of pollen
and phytolith analyses strengthens the ﬁndings of Whitney
et al. (2014) who ﬁrst identiﬁed this dry forest response at
Laguna La Gaiba with increases in Astronium and
Anadenanthera pollen up to 8% and 13%, respectively, dur-
ing the mid-Holocene but found no evidence of opening up of
the forest canopy. Despite these ﬂoristic changes, palynolog-
ical richness does not decrease during the mid-Holocene drier
period at Laguna Mandioré but remains constant throughout
Figure 10. Summary vegetation diagram for Mandioré core 5 plotted against calibrated years before present (cal yr BP) with pollen zones
marked by grey horizontal lines (PZ = pollen zone) and dating horizons marked by black circles on secondary depth axis. Key pollen taxa
presented as percentage of terrestrial total, total charcoal concentration presented as particles per cubic centimetre of wet sediment,
δ13C/12C presented as per mille (‰), and C/N presented as a ratio.
Figure 11. Schematic diagram summarising key records of the mid-Holocene drier climatic period in the Andes (Lagunas Titicaca and Puma-
choca) and Pantanal lowlands (Jaraguá Cave, Lagunas Negra, and La Gaiba) for comparison with Laguna Mandioré. Four studies have been
conducted at Laguna La Gaiba; here they are differentiated by the main palaeo data set used. Time is presented on the x-axis as calibrated years
BP (cal yr BP). Black bars represent period of drier climatic conditions interpreted by the authors of the relevant palaeo record (reference to
original publication).
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the Holocene (Fig. 6). This ﬁnding contrasts with the dry for-
est record from Laguna La Gaiba, where palynological rich-
ness was low from 10,000 to 3000 cal yr BP during the period
of drier climatic conditions and increased from 3000 cal yr BP
to the present (Whitney et al., 2014). As the LagunaMandioré
record reﬂects a mixture of dry forest and upland savannah,
particularly during the mid-Holocene, the potential loss of
diversity in the dry forest may be compensated for by the
addition of upland savannah taxa.
This record shows no clear relationship between changes in
ﬁre regime and changes in ﬂoristic composition in the forest,
thus supporting our hypothesis that climate, rather than ﬁre, is
the primary control upon ﬂoristic composition of the dry
forest. Charcoal concentration does not increase during the
mid-Holocene drier period, except for a peak near 8000 cal
yr BP (Fig. 10). This coincides with the early phase of the
mid-Holocene drier period in this region and could represent
an intrusion of ﬁre from nearby upland savannah on the Amo-
lar hills. Otherwise, charcoal concentration remains constant
throughout the Holocene, strengthening the inference from
the nearby Laguna La Gaiba charcoal record (Power et al.,
2016) that ﬁre has been a persistent feature of the eastern
Chiquitano dry forest where it meets the Pantanal wetlands
throughout the Holocene. As the charcoal record at Laguna
Mandioré does not appear to be strongly correlated with
climatic factors, it is possible that humans may have caused
some of the burning in the catchment. No crop indicators
such as Zea mays or Cucurbita were found in the Laguna
Mandioré vegetation record, but this is not evidence of
human absence. Indeed, FEM observed petroglyphs along
the shoreline of Laguna La Gaiba that extend below thewater-
line during the dry season, demonstrating human presence at a
timewhen lake level was lower than in the present day, poten-
tially during the mid-Holocene. Additionally midden and
cave sites from across the Pantanal suggest hunter–ﬁsher–
gatherer communities were present in the region from 5000
cal yr BP (Bespalez, 2015). However, the paucity of charcoal
records in the Chiquitano region, particularly at the local
scale, precludes investigation of the role of humans in inﬂu-
encing the ﬁre regime at present (Maezumi et al., 2018).
Dry forest–upland savannah ecotone at Laguna
Mandioré
The abundance of the savannah tree Curatella americana
increases markedly during the mid-Holocene drier climatic
period, suggesting an increase in upland savannah in the
catchment of Laguna Mandioré. Although Curatella ameri-
cana trees can grow on raised islands (e.g., termite mounds)
within the wetlands of the Pantanal, no other taxa typical of
these forested islands within the wetlands of the Pantanal
(such as Vochysia [Alho, 2005]) were detected in the pollen
record. Furthermore, as Curatella americana pollen is poorly
dispersed, it is likely to be a local signal, and given that the
Mandioré 5 core site is located close to the base of the Amolar
hills, the most parsimonious explanation is a downslope
expansion of upland savannah on the Amolar hills during
the drier period. The increase in δ13C during the mid-
Holocene suggests an increase in C4 vegetation in the catch-
ment (Meyers and Teranes, 2001; Pessenda et al., 1998;
Fornace et al., 2016), which supports the interpretation of
increasing upland savannah during this period. This is likely
to be a terrestrial signal, as there is also an increase in the C/N
ratio during the mid-Holocene, indicating greater terrestrial
and reduced algal inputs to the lake sediment during this
time (Meyers and Teranes, 2001; Fig. 10). This interpretation
is supported by climate and vegetation modelling of the mid-
Holocene period, which suggests a weaker South American
summer monsoon and drier climate during the mid-Holocene
leading to a shift in species composition and increase in frag-
mentation of the forest at ecotones (Maksic et al., 2019).
The peak in charcoal concentration around 8000 cal yr BP
occurs just before the increase in Curatella americana pollen
and the shift in δ13C (Fig. 10). This charcoal peak could indi-
cate an increase in ﬁre in the upland savannah that could have
reinforced the climate-driven expansion of upland savannah
at the expense of dry forest and a shift in the ecotone. The
charcoal could also have been transported from ﬁres within
the semideciduous dry forest or dried-out areas of the Panta-
nal, where occasional ﬁres are known to occur (Oliveira et al.,
2014). As the majority of the particles were between 100 and
180 μm, they are likely to have been transported by wind from
the same catchment as the wind-dispersed pollen found in the
lake sediment. The pollen record predominantly reﬂects the
dry forest and upland savannah at the Amolar hills ecotone,
so it is therefore likely that the charcoal record largely repre-
sents ﬁre within these ecosystems.
The expansion of upland savannah at the expense of dry for-
est would have shifted the ecotone between upland savannah
and dry forest down the slopes of the Amolar hills towards
lower-elevation areas previously covered by dry forest. This
ecotone shift disproves our hypothesis that dry forest–upland
savannah ecotones would be static in the face of climatic
changes due to their overriding edaphic controls. At Laguna
Mandioré, as precipitation decreases during the mid-Holocene,
the interaction between drought and ﬁre overrides the edaphic
constraints on dry forest distribution and allows the expansion
of the upland savannah into deeper, more fertile soils. The
mechanism for the shifting of the ecotone and encroachment
of upland savannah into dry forest may involve ﬁre as an initial
disturbance agent, opening up the canopy and allowing upland
savannah to establish and then preventing the reestablishment
of closed-canopy forest (Oliveras and Malhi, 2016; Cardoso
et al., 2018). This suggests that both climate and ﬁre are impor-
tant drivers of vegetation change at the dry forest–upland
savannah ecotone, which indicates that while climate is the pri-
mary driver of ﬂoristic change within the dry forest, this rela-
tionship does not apply to biome turnover at the dry forest–
upland savannah ecotone.
The decrease inCuratella americana pollen and δ13C from
3600 cal yr BP (Fig. 10) reﬂect the reduced extent of upland
savannah and upslope shift of the dry forest–upland savannah
ecotone to its present position on the slopes of the Amolar
hills (Fig. 2). This ﬁts with the timing of precipitation increase
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in the late Holocene suggested by regional palaeoclimate
records, including lake levels at Laguna Titicaca (Baker
et al., 2001), δ18O records from the Andes (Bird et al.,
2011), and sponge and diatom records from the Pantanal
(Guerreiro et al., 2017). This precipitation increase is also
reﬂected in the vegetation at Laguna Mandioré by peak aqua-
tic plant pollen abundance (Fig. 6), the decline in C/N, and
high Rb/K and Re/K ratios (Fig. 9). These vegetation changes
ﬁt with the regional pattern of forest expansion at the south-
western edge of the Amazon during the late Holocene, as
shown by palaeo-vegetation records from Lagunas Chaplin
and Bella Vista (Mayle et al., 2000; Burbridge et al., 2004)
to the north and Laguna Yaguarú (Taylor et al., 2010) to
the west of Laguna Mandioré.
Implications for future climate change
Climate models predict reduced precipitation for tropical
South America in the coming century, with a longer dry sea-
son over much of southern Amazonia and up to 30% reduc-
tion in precipitation over the Pantanal basin (Marengo
et al., 2014, 2016; Boisier et al., 2015; Duffy et al., 2015; Sán-
chez et al., 2015). The long-term implications of reduced pre-
cipitation in the Chiquitano dry forest that we have observed
from the mid-Holocene record at Laguna Mandioré are
threefold.
First, the dry forest is vulnerable to the impact of drought at
its ecotones with upland savannah. Reduction in precipitation
at these ecotones can lead to an encroachment of upland
savannah at the expense of dry forest, potentially through
the interacting effects of reduced precipitation and ﬁre. How-
ever, the encroachment of upland savannah is likely to be
locally restricted to the forest edges, as the ecotone shift
was not detected in the pollen record at Laguna La Gaiba
20 km to the north, and the majority of the Laguna Mandioré
pollen catchment is still dominated by dry forest during the
mid-Holocene. Therefore, the level of precipitation reduction
during the mid-Holocene only instigated local-scale biome
turnover at the ecotone, not a regional-scale replacement of
dry forest by savannah.
Second, the dry forest still dominates the majority of the
Laguna Mandioré catchment during the mid-Holocene drier
period and maintains closed-canopy forest away from the
ecotone with upland savannah. However, there are ﬂoristic
changes within the dry forest, with a shift towards more
drought-tolerant tree taxa such as Anadenanthera and Astro-
nium. The implications of this shift for conservation of the dry
forest under climate change depend on the objective of the
conservation strategy. If the objective is to preserve the forest
biome, for carbon stocks or otherwise, then the results of this
study bode well for the future, in that a future drier climate
will not cause a regional-scale biome shift to a savannah eco-
system. However, if the conservation of particular taxa is a
key goal, then conservation strategies may need to be targeted
towards managing their likely changes in distribution and
abundance expected under a future drier climate; for example,
connectivity measures, such as the maintenance of corridors
and buffer zones to allow for future climate-induced range
shifts in these taxa, may be needed.
Third, the Mandioré charcoal record strengthens the evi-
dence that ﬁre has been a persistent feature of the eastern
edge of the Chiquitano dry forest, where it meets the Pantanal
wetlands, throughout the Holocene (Power et al., 2016). This
challenges the widely held assumption among many ecolo-
gists (e.g., Pennington et al., 2009), based on presence of ﬁre-
susceptible taxa such as Cereus (Cactaceae), that this ecosys-
tem is inherently susceptible to ﬁre. However, it is possible
that the frequency of ﬁres observed today, most of which
are caused by humans clearing land for agriculture, signiﬁ-
cantly exceeds the ﬁre frequency through most of the Holo-
cene (Power et al., 2016). If so, despite its resilience to
Holocene ﬁres, this threatened forest may be especially sus-
ceptible to future burning if increased fragmentation of the
forest and anthropogenic ignitions are coupled with increased
drought and higher temperatures, which would be expected to
lead to future ﬁres of signiﬁcantly greater magnitude and/or
frequency than Holocene baseline conditions.
CONCLUSIONS
The long-term impacts of drier climatic conditions during the
mid-Holocene on the Bolivian tropical dry forest did not
entail large-scale dieback of the forest and replacement by
upland savannah. The ﬁrst hypothesis, that the dry forest–
upland savannah ecotone would not shift during the mid-
Holocene drier period due to overriding edaphic controls,
was not supported. A local-scale shift in the position of the
forest–savannah ecotone was found, whereby upland savan-
nah expanded downslope at the expense of the dry forest.
This demonstrates that climatic changes can override edaphic
constraints at dry forest–upland savannah ecotones. The sec-
ond hypothesis, that the dry forest would maintain a closed
canopy throughout the mid-Holocene drier period with
some ﬂoristic changes, was supported in the forest away
from the ecotone, where ﬂoristic composition shifted towards
more drought-tolerant tree taxa such as Anadenanthera and
Astronium. The third hypothesis, that the root cause of vege-
tation changes in the dry forest during the Holocene is climate
rather than ﬁre, was supported, as there was no clear interac-
tion between the ﬁre regime and the shift in ﬂoristic compo-
sition within the dry forest. However, at the dry forest–upland
savannah ecotone, the proximate (rather than root) cause may
have been ﬁre, whereby a drier climate increased ﬂammabil-
ity, leading to localised upland savannah expansion.
These ﬁndings have implications for the conservation of
tropical dry forest in South America under future climate
change. While there was no evidence for large-scale dieback
of the dry forest under mid-Holocene levels of drought, there
was a shift in ﬂoristic composition, with some taxa increasing
signiﬁcantly at the expense of others. This implies that con-
servation policy involving corridors and buffer zones will
be needed to enable movement of species under future
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climate change. Furthermore, the dry forest has been shown
to be vulnerable to upland savannah encroachment at its eco-
tones under past drier climatic conditions, with ﬁre poten-
tially reinforcing the expansion of savannah. This ﬁnding
may have particularly important implications for the cerrado
biome, which encompasses a range of savannah physiogno-
mies, including mosaics of dry forest and terraﬁrme savannah
(Oliveira Filho and Ratter, 2002). In these landscapes, dry
forest islands provide habitat heterogeneity both structurally
and taxonomically, including supporting mammal popula-
tions that are mostly associated with or restricted to forest
patches (Klink and Machado, 2005). Under drier climatic
conditions, these small islands of dry forest could be under
threat from savannah encroachment. As precipitation is
reduced with future climate change, the impacts of human
land use such as forest fragmentation and use of ﬁres may
exacerbate the encroachment of savannah. These complex
interactions will be important in determining the vulnerability
of the tropical dry forest under future climate change.
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